Chronic kidney disease (CKD) is strongly associated with incident cardiovascular disease (CVD), and participants with end stage renal disease are 10-20 times more likely to die from CVD events than the general population. 
models. 3, 4 The failure of traditional risk factors to explain the increased CVD risk of CKD participants has led to growing interest in nontraditional risk factors such as arterial stiffness, inflammation, and endothelial dysfunction.
Commonly used noninvasive measures of arterial stiffness including pulse wave velocity (PWV), augmentation index (AI), central pulse pressure (CPP), are higher, and peripheral pulse pressure amplification (PPA) is lower, in participants with CKD suggesting a greater degree of arterial stiffness compared with matched controls. 5 Arterial stiffness is an independent predictor of CVD morbidity and mortality, 6 and the relationship between increasing arterial stiffness and CVD events has been demonstrated in both high risk groups such as CKD or HTN 6 as well as in the general population without diagnosed risk factors. 7 Endothelial dysfunction is a fundamental step in the pathogenesis of vascular disease, initiating a cascade of events that results in the development of stenoses, plaques, and aneurysms. Inflammation is the major underlying mechanism behind endothelial dysfunction, 8, 9 and studies have demonstrated strong associations between endothelial dysfunction and increased arterial stiffness. 4, 10, 11 This suggests a potential causal relationship between inflammation and stiffness, but no study has been designed to examine this etiologic connection in a large prospective cohort of CKD participants. In this manuscript, we report findings from the chronic renal insufficiency cohort (CRIC) examining the relationship of inflammatory markers to arterial stiffness over a 4 year period.
METHODS
Details regarding the design and baseline participant characteristics of the CRIC study have been published. 12, 13 Participating Clinical Centers obtained Institutional Review Board approval for all aspects of the protocol and written informed consent was obtained from all participants. Briefly, between 2003 and 2008 a total of 3,939 participants with CKD defined by age-specific levels of kidney function were enrolled in a longitudinal cohort study. Beginning at the second year follow up in the CRIC study, measures of arterial stiffness (carotid-femoral PWV) and biochemical analyses of a panel of representative markers of inflammation were incorporated into the protocol. Standard lab assays (blood and urine), and measures of body habitus, demographics, heart rate, and blood pressure were undertaken per the CRIC protocol as published previously. 12 
Arterial stiffness measurements
PWV was recorded supine using the Sphygmocor system (West Ryde, Australia). The distance from the sternal notch to the carotid in mm was subtracted from the distance from the sternal notch to the femoral site in mm for the pulse wave path length. A modified limb lead III electrocardiogram signal was used to time the onset of the pulse wave foot in each location, and the average of 10 seconds worth of data for each of the 2 sites was obtained. The average time to the carotid foot of the pulse wave was subtracted from the average time to the femoral foot of the pulse wave and divided into the path length distance to arrive at the PWV, and is reported as meters/second. Our PWV results on 2,564 participants in the CRIC population have been published. 14 Pulse wave analysis to determine CPP, AI, and the degree of PPA (brachial PP/central PP) was estimated from the supine radial waveform by tonometry as previously described. 15 
Inflammation marker measurements
We used enzyme linked immunosorbent sandwich assays (ELISA) of high-sensitivity sandwich-type (Quantikine HS, R&D Systems, Minneapolis, MN) to measure plasma concentrations of interleukin 1-beta (IL-1β), IL-6, and tumor necrosis factor (TNF)-α levels. We used standard sandwich ELISAs (Quantikine, R&D Systems) to measure plasma IL 1-receptor antagonist (IL-1RA) and transforming growth factor-β levels. In our lab, the lower detection limit for assay of IL-1β was 0.06 pg/ml, for IL-6 it was 0.07 pg/ml, for TNF-α 0.11 pg/ml, for IL-RA 6.3 pg/ml, and for transforming growth factor-β it was 4.6 pg/ml. ELISAs were undertaken using a robotic liquid handling platform (Biomek FXp, Beckman Coulter, Brea, CA). The samples were stored at −80 °C after initial sample acquisition and assays were performed in duplicate at the time of initial thawing to prevent biomarker degradation. 16 Several samples had a concentration of IL-1β below the minimal level for detection to which we assigned a very low value for IL-1β (0.00001 pg/ ml). In general, the coefficient of variation CV was <13% for all cytokines assays with the exceptions of TNF-α (15.2%) and transforming growth factor-β (21.5%). High-sensitivity C-reactive protein (hs-CRP) and fibrinogen were measured in plasma samples using specific laser-based immunonephelometric methods on the BNII (Siemens Healthcare Diagnostics, Deerfield, IL). The imprecision estimates for hs-CRP and fibrinogen were <5% for each. All these tests were performed in a single laboratory at the time of initial thawing.
Computing an inflammation score
An inflammation score predicts more accurately a phenotype of interest than does a single biomarker of inflammation. [17] [18] [19] In these reports, inflammation was said to be present in a subject if his/her serum level of any inflammatory biomarker exceeded its median value for the whole cohort. Since we have 5 representative biomarkers, we calculated a composite score for each participant that ranged from 0 to 5 based on a scoring system in which a "1" was assigned (a) hs-CRP >3 mg/l, 17 (b) fibrinogen >350 mg/dl, 18 (c) IL-6 ≥6 pg/ml, 19 (d) TNF-α ≥7 pg/ml, and (e) IL-1β≥ 0.39 pg/ml. 19, 20 The cutoff values were chosen from published literature.
Statistical methods
Continuous variables were described using mean (SD) or median (interquartile range) as appropriate. Categorical variables were described using frequency and proportions.
The differences of baseline characteristics were compared across PWV tertiles. P values were calculated using chisquare test for categorical variables and analysis of variance for continuous variables. Linear regression models were fit to explore the cross-sectional associations between different measures of inflammatory markers (including total inflammatory score) and measures of stiffness at baseline. Variables that were adjusted in the model included demographics, mean arterial pressure, diabetes, smoking status, hemoglobin, total cholesterol, estimated glomerular filtration rate, and use of ACE inhibitor or angiotensin receptor blocker medication, all measured at baseline. To explore the associations of baseline inflammatory markers and longitudinal change in measures of stiffness, we employed linear mixed effects model which takes in account the correlated nature of the repeated measures from the same individual and allows estimation of individual intercept and slope terms. In addition to the main effect terms, the model included the interaction term between baseline inflammatory score and time, which represents its association with the change of stiffness measure and is of primary interest. We adjusted for the same covariates as were in the cross-sectional analyses. All analyses were done in SAS (version 9) and P <0.05 was considered statistically significant.
RESULTS
Of 3,939 participants in the CRIC cohort, 2,933 participants completed follow-up assessments of PWV, AI, PPA, and CPP at both 2 and 4 years and were included in the final analysis (Table 1) . The study population was majority male (56.6%) and racially diverse (44% non-Hispanic Black, 39.4% White, 12.9% Hispanic, 4.1% other). The vast majority had HTN (84.2%) and hyperlipidemia (81.2%), roughly half were obese or diabetic, 11% were active smokers, and more than two-thirds were on an ACE inhibitor or angiotensin receptor blocker. The mean PWV for the total population studied was 9.55 m/s, mean AI was 27.05, mean CPP was 46 mm Hg, and mean PPA was 1.29.
For further analysis of baseline characteristics, the population of the study was divided into tertiles of PWV. Table 1 shows the study population data by tertiles, along with measures of significance. Increasing tertiles of PWV were positively associated with age, male gender, Hispanic, and non-Hispanic Black ethnicity, HTN, diabetes, hyperlipidemia, CVD, congestive heart failure, current smoking, waist circumference, aspirin use, statin use, all antihypertensive medications use, 24-hour urine protein, serum creatinine, mean arterial pressure, baseline AI, and CPP, cystatin C level, total plasma homocysteine level, insulin level. Increasing tertiles of PWV were inversely proportional to level of education, exercise tolerance (in METs), hemoglobin level, serum albumin, total serum cholesterol, serum high-density lipoprotein, serum low-density lipoprotein, estimated glomerular filtration rate, and baseline PPA. Table 2 shows cross-sectional data, comparing baseline measures of inflammation with initial measurements of arterial stiffness. In the unadjusted results, increasing PWV was significantly associated with increasing inflammation score, serum fibrinogen, IL-6, IL-10, IL-1RA, TNF-α, hs-CRP, and decreasing levels of serum albumin. In the adjusted model, increasing PWV was significantly associated only with fibrinogen and IL-10, though there was a trend suggesting association with inflammation score (P = 0.079).
In the unadjusted results, increasing tertiles of CPP were significantly associated with increasing inflammation score, serum fibrinogen, IL-6, IL-1RA, IL-1B, TNF-α, and with decreasing levels of serum albumin. In the adjusted model, increasing CPP had significant positive associations with serum fibrinogen and with hs-CRP.
Increasing tertiles of AI were associated with increasing TNF-α levels. In the adjusted model, AI was negatively associated with inflammation score, fibrinogen, IL-6, IL-1RA, and hs-CRP.
With regards to PPA, in the unadjusted results, there were no significant associations. In the adjusted model, PPA was associated with increasing inflammation score, serum fibrinogen, IL-6, and hs-CRP. Table 3 describes the longitudinal data, comparing baseline inflammation with the changes in arterial stiffness during the 4 years follow-up. These data are notable for the relative lack of important correlations, with increasing PWV associated with higher albumin levels and increasing AI over time associated with higher IL-10 levels. There are several examples of correlations that approach the cutoff for statistical significance in the longitudinal data, with levels TNF-α positively correlated with increasing levels of PPA, and negatively correlated with increasing values of AI.
DISCUSSION
We observed several significant associations between systemic inflammation markers and baseline measurements of arterial stiffness. While several smaller studies have demonstrated similar findings using CRP, TNF-α, or IL-6 20, 21 no prior work has examined this relationship with such a diverse panel of inflammatory markers, in a large CKD population with a wide range of kidney function, or prospectively with serial measurements of stiffness over years of follow-up. We found that CRP, fibrinogen, IL-6, and TNF-α were each associated with increased levels of at least 2 of the 4 different metrics of stiffness at baseline, suggesting a relationship worthy of further consideration. Although a robust predictive value of baseline inflammation was not seen with changes in arterial stiffness over time, these results have important implications for future research related to the mechanisms and treatment of arterial stiffness.
Increased plasma levels of TNF-α and IL-6 have been associated with increased arterial stiffness in prior studies. 20, 21 TNF-α induces the production of IL-6 in myoblasts, 22 and upregulates CRP and other acute phase proteins in the liver. CRP exerts important effects on arterial wall physiology by promoting endothelial dysfunction through downregulation of endothelial nitric oxide synthase and upregulation of endothelin receptors on endothelial cells. This results in decreased nitric oxide production, increased endothelin binding, with increased vascular stiffness. [23] [24] [25] [26] CRP also promotes the over-production of cell-adhesion molecules on the endothelium, resulting in mononuclear cell and vascular smooth muscle cell recruitment. 21, 23, 24, 27 Finally, CRP stimulates tissue factor production by endothelial cells, thereby initiating the clotting cascade and fibrinogen activation. 28 Because of its numerous vasoactive effects, CRP has not only been shown to predict higher levels of arterial stiffness in the Caerphilly prospective cohort, 29 but has also been recognized for significant associations with cardiovascular events. 30, 31 In addition to the effects described above, IL-6 also promotes synthesis and release of fibrinogen from the liver, 27, 32, 33 with associated increases in arterial stiffness. 32 Fibrinogen is the only clotting factor for which there are compelling data supporting an association between plasma levels and increasing risk of vascular events. 27 Fibrinogen may migrate into the intima of arteries under increased mechanical and inflammatory stress where it forms cross-linked fibrin, mural thrombi, and fibrin degradation products. These byproducts reduce arterial wall elasticity, and promote vascular smooth muscle cell and macrophage proliferation further propagating the inflammatory cascade. 27, 32 A notable feature of the cross-sectional results presented in this study is the relative absence of meaningful significant associations between inflammatory markers and AI or PPA. Although statistical significance was achieved for certain markers, the standardized coefficients β are predominantly negative for AI suggesting counterintuitive inverse relationships between inflammation and stiffness. Similarly, the standardized coefficient β is positive for most of the associations between inflammation and PPA, a metric that is classically described as decreasing with increased central arterial stiffness. This discordance between measures of wave reflection (AI and PPA) with the more direct measures of central stiffness (PWV and CPP) with regards to the effects of inflammation has been observed before, 34 and may represent a limitation of the wave reflections as a useful marker of stiffness in this pathophysiologic context.
While inflammation likely alters central stiffness through the mechanisms discussed above, inflammatory cytokines have long been recognized for their ability to decrease peripheral tone in the small muscular arteries and arterioles. This occurs via alterations of the nitric oxide balance in the microvasculature, as most dramatically demonstrated in conditions like sepsis. [35] [36] [37] This mechanism is supported by prior research in which discordant values of AI and PWV in the setting of a vaccine-induced inflammatory state correlated with a measured decrease in peripheral vascular tone and markedly diminished reflected wave amplitude. 34 Ultimately, when attempting to understand the impact of inflammation on arterial stiffness, the competing effects of central arterial remodeling and peripheral vasodilatation may limit the utility of metrics like AI and PPA.
While plausible mechanisms underlie associations between inflammation and arterial stiffness, the failure of some of these markers to endure adjustment for confounders and their further failure to predict progression of stiffness over time suggest shortcomings either in study methodology or in understanding the underlying pathophysiology. Besides CKD, many of our participants had HTN, diabetes, hyperlipidemia, and coronary artery disease. Each of these conditions has been associated with increased arterial stiffness and chronic inflammation in previous research, and are likely the primary reason for the markedly higher PWVs seen at baseline in our population (mean 9.6) compared to age-matched individuals without these risk factors (mean 8.1). 38 Given the clustering of risk factors and elevated baseline PWVs in this study, it's possible that our participants already experienced the augmentation of normal vascular biology that results from chronic inflammation and had thus reached a flattened portion of the arterial stiffness curve from which further increases would be relatively insignificant. Alternatively, it is possible that chronic low-grade inflammation influences stiffness in such a gradual fashion that 4 years was too short a time to appreciate the impact. It is also possible that prior cross-sectional research has misunderstood the relationship between inflammation and stiffness, assuming that inflammation begets stiffness when in actuality, the association is due to stiffness causing chronic low-grade inflammation as Total (n = 2933) PWV (<7.9, n = 968) PWV (7. Abbreviations: AI, augmentation index; ACE/ARB, ACE inhibitor/angiotensin receptor blocker; BMI, body mass index; CCB, calcium channel blocker; CPP, central pulse pressure; eGFR, estimated glomerular filtration rate; Exercise tol, all intention exercise tolerance (METS); HDL, high-density lipoprotein; LDL, low-density lipoprotein; PPA, pulse pressure amplification; PWV, pulse wave velocity; TPH, total plasma homocysteine; Uprotein, urine protein.
a P values pertain to PWV tertiles. Table 2 . Associations between baseline measures of stiffness and inflammatory markers (cross-sectional) pointed out recently. 39 In this scenario, baseline inflammation levels would be the result of already stiffened vasculature, and would not be expected to drive or predict further stiffening longitudinally.
Other limitations may have impacted the ability to demonstrate significant longitudinal associations that merit further discussion. Our participants, although similar with regards to basic demographics and comorbidities, are not wholly representative of the populations in which prior cross-sectional studies had shown associations between inflammation and stiffness. Cross-sectional studies by definition collect data on participants at one point in time, often involving same day enrollment and sampling, thus requiring little commitment from those enrolled. Patients included in our analysis were selected from the CRIC cohort, which per protocol involves frequent follow-up with expert practitioners at large academic hospitals and may not be generalizable to other CKD populations. Progression of arterial stiffness may be abrogated by careful management of medical conditions such as blood pressure 25 which was reasonably well controlled in CRIC suggesting another possible explanation for the modest absolute increases in PWV observed over the study period. In this regard, most of the participants (67.9%) were on ACE inhibitor or angiotensin receptor blocker medications at the time of enrollment, a higher number than seen in other studies. This is especially relevant as these agents produce inhibitory effects on the renin-angiotensin-aldosterone system and have been shown to modify stiffness above and beyond their effects on blood pressure alone due to proposed impacts on vascular inflammation. 25, 39, 40 Finally, it is possible that inflammation, despite plausible biological mechanisms, may not be as important in the pathogenesis of arterial stiffness as many other investigators have hypothesized. While there is an abundance of crosssectional data suggesting a connection between inflammation and pathological stiffness, the existence of a causal relationship can only be determined through more rigorous investigations. It may be that in CKD, chronic inflammation is a less important exposure for the development of pathological stiffening, with factors such as age, time-under-stress, chronic renin-angiotensin-aldosterone system activation, and the buildup of other vasoactive substances playing a more primary role. In the future, further prospective research along with Mendelian randomization trials will be required to more conclusively establish whether the apparent association between inflammation and stiffness is on the basis of causation or confounding.
In conclusion, using a longitudinal approach in a large CKD population with extensive biomarker collection, we observed only weak associations between markers of inflammation and the development of arterial stiffening. While well-described biologic mechanisms continue to provide the basis for our understanding of these results, continued efforts to design longitudinal studies are necessary to fully elucidate the relationship between chronic inflammation and arterial stiffening. We anticipate that the findings described in this study will promote further research in this important field and inspire new approaches to reach this end. Adjusted model controls for mean arterial pressure, age, race, sex, diabetes, active smoking, hemoglobin, estimated glomerular filtration rate, and angiotensin converting enzyme inhibitor/angiotensin receptor blocker use. Abbreviations: AI, augmentation index; CPP, central pulse pressure; hs-CRP, high-sensitivity C-reactive protein; Inflam Score = inflammation score; IL, interleukin; PPA, pulse pressure amplification; PWV, pulse wave velocity; TGF, transforming growth factor; TNF, tumor necrosis factor; Uprot, 24-hour urine protein. 
